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Abstract—Nd -complex-doped polymer channel waveguide
amplifiers with various lengths and Nd  concentrations are
fabricated by a simple procedure. Internal net gain at 840–950
nm and 1064 nm is experimentally and theoretically investigated
under continuous-wave excitation at 800 nm. Internal net gain
in the range 865–930 nm is observed and a peak gain of 2.8 dB
at 873 nm is obtained in a 1.9-cm-long waveguide with a Nd 
concentration of 0.6   cm   at a launched pump power of
25 mW. The small-signal gain measured in a 1-cm-long sample
with a Nd  concentration of 1.03   cm   is 2.0 dB/cm
and 5.7 dB/cm at 873 nm and 1064 nm, respectively. By use of a
rate-equation model, the internal net gain at these two wavelengths
is calculated and the macroscopic parameter of energy-transfer
upconversion as a function of Nd  concentration is derived. Ease
of fabrication, compatibility with other materials, and low cost
make such rare-earth-ion-doped polymer waveguide amplifiers
suitable for providing gain in many integrated optical devices.
Index Terms—Energy-transfer upconversion, Nd-complex, net
optical gain, polymer channel waveguide amplifier.
I. INTRODUCTION
R ARE-EARTH-ION-doped planar waveguide amplifiers[1]–[4] have been widely studied due to their potential
use in many integrated optical applications for amplifying
signals and compensating optical losses owing to waveguide
materials, signal routing, and input/output coupling.
Polymer materials [5], [6] are promising candidates for inte-
grated optical waveguide devices due to their ease of fabrication,
compatibility with other materials, and low optical loss in the
near-infrared wavelength range. The latter property is especially
attractive for the fabrication and functionality of waveguide am-
plifiers. However, incorporation of rare-earth ions into polymers
for optical amplification is challenging due to the immiscibility
of their salt precursors with organic solvents and luminescent
quenching from C-H and O-H bonds in polymers. These prob-
lems can be overcome by encapsulating the rare-earth ions with
organic fluorinated ligands to form stable complexes and doping
these into a fluorinated polymer host. The rare-earth-ion-encap-
sulated organic complexes can be easily dissolved in polymer
solutions, while fluorination of the ligands and polymer host can
reduce the luminescence quenching by high-energy vibrations
from C-H and O-H bonds [5], [6].
Neodymium-doped amplifiers are of interest for applications
at the ion’s specific emission wavelengths. The Nd 1060-nm
gain transition possesses a four-level-energy structure, which
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provides significant gain at low excitation power. On the other
hand, emission on the F I ground-state transition
around 865–930 nm is interesting for signal amplification in in-
tegrated optical applications, e.g., data transmission in optical
interconnects and medical diagnostics.
Investigations on the optical power budget for realistic
polymer-waveguide based high-speed links via optical back-
planes revealed that coupling and routing dependent losses
reduce the optical power to a significant extent [7]. Therefore,
additional signal amplification within the board is necessary
around 850 nm, which is currently considered for optical inter-
connects in printed circuit boards (PCBs) [8]–[10] due to the
maturity of VCSEL technology at this wavelength. Integration
of an amplifying polymer material into optical backplanes can
be an efficient solution to maintain sufficient optical power
level. Besides, polymer channel waveguides are compatible
with processes used in the PCB industry.
In-vivo confocal scanning laser microscopy (CSLM) offers
real-time imaging of living tissue at high resolution and high
contrast, without physically dissecting the issue [11], [12]. The
wavelength range of 800–900 nm is of interest for detecting
Raman signals back-scattered by water in human skin. Wave-
guide amplification is of interest for improving the collection
of Raman-reflected signals collected and analyzed in integrated
optical systems.
Recent work on polymer-based, rare-earth-ion-doped planar
optical waveguides has resulted in the demonstration of optical
gain, e.g., in erbium-doped [13], [14] and neodymium-doped
[15]–[18] polymer waveguide amplifiers. In [15] and [16]
net gain at 1060 nm was demonstrated in neodymium-doped
polymer waveguides. Recently, a Nd -complex-doped
polymer channel waveguide amplifier with up to 8 dB gain
[17] as well as steady-state lasing [18] at 1060 nm have been
demonstrated.
In this work, internal net gain in the wavelength range
865–930 nm is demonstrated in Nd -complex-doped polymer
channel waveguide amplifiers. By optimization of the wave-
guide length and Nd concentration, a maximum gain of
2.8 dB is achieved at 873 nm.
II. FABRICATION AND CHARACTERIZATION OF POLYMER
CHANNEL WAVEGUIDES
A. Fabrication Procedure
Following our previous approach [17], [18], a neodymium
complex, Nd TTA phen (TTA thenoyltrifluoroacetone,
phen ,10-phenanthroline), was synthesized [19] and doped
into the fluorinated host 6-FDA/epoxy (6-FDA -fluori-
nated-dianhydride). The fluorine ligands and the fluorination
of the host material significantly decrease the luminescence
quenching owing to high-energy vibrations from C-H and
0018-9197/$26.00 © 2010 IEEE
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Fig. 1. Schematic of the Nd TTA phen-doped 6-FDA/epoxy waveguides.
O-H bonds in the polymer host. By spin-coating and pho-
todefining a cycloaliphatic epoxy prepolymer (code name
CHEP) [20], inverted channels in the low-refractive-index
CHEP polymer were obtained on a thermally oxidized silicon
wafer. The Nd -doped core material was then backfilled
via spin-coating twice and 5 5 m Nd -complex-doped
channel waveguides were realized after thermal curing. An
additional 3- m-thick CHEP layer was spin-coated on top of
the channels as the upper-cladding layer. A schematic of the
channel waveguide structure is given in Fig. 1. For the gain
experiments, samples with various Nd concentrations were
fabricated.
B. Spectroscopic Characterization
The broadband loss spectrum of Nd in polymer channel
waveguides was measured using the cut-back method. The mea-
surement had an accuracy of dB cm for loss values above
the measurement limit of 0.1 dB/cm. The output from a broad-
band light source (FemtoPower1060, SC450, Fianium) was cou-
pled to waveguides of different lengths, and the transmitted light
was investigated with a spectrum analyzer (Spectro320, Instru-
ment System). By subtracting the background propagation loss
from the total loss spectrum, the absorption coefficient
was obtained, see Fig. 2(a). The background propagation loss in
the wavelength range 840–950 nm decreases from 0.3 dB/cm at
840 nm to 0.2 dB/cm at 950 nm and does not exhibit a signifi-
cant dependence on Nd concentration.
After excitation at 800 nm by a Ti:Sapphire laser, the lumi-
nescence spectrum was measured using a spectrometer (Jobin
Yvon iHR550), see Fig. 2(b). Three distinct emission bands
with peaks at 873 nm, 1060 nm, and 1330 nm were observed,
which correspond to transitions from the F level to the I ,
I , and I levels, respectively.
C. Judd–Ofelt Analysis
The Judd–Ofelt theory [21], [22] is a successful and widely
used theory for the characterization of transitions in
rare-earth-ion-doped materials. The standard Judd–Ofelt anal-
ysis was applied for studying the optical transitions of Nd
ions in polymer waveguides.
The Judd–Ofelt parameters of Nd ions were determined
with the aid of the measured absorption spectrum as follows:
cm , cm ,
cm , with a root mean square (RMS) deviation
Fig. 2. Broadband (a) loss and (b) luminescence spectrum of Nd -doped
6-FDA/UVR (corrected with respect to the detector response curve) measured
in channel waveguides with a Nd concentration of 0.30  cm .
TABLE I
JUDD-OFELT ANALYSIS
of 0.69 cm determined from the least-square fit. With
these parameters, the radiative decay rates , radiative life-
times , and branching ratios were obtained and are pre-
sented in Table I.
The Judd–Ofelt analysis provides a radiative lifetime of
218 s, which is of the same order of magnitude as the mea-
sured luminescence lifetime of 141 s. The error involved
in the values resulting from the Judd–Ofelt calculation is
typically 30–40%, which derived partially (10–15%) from the
uncertainty in the measurement of the absorption spectrum and
partially from the simplifications made by the theory itself. This
rather large error also explains the difference between measured
luminescence and calculated radiative lifetime. Only with much
more accurate values from the Judd–Ofelt analysis it would
be possible to identify a potential deviation between these two
parameters due to, e.g., a small nonradiative contribution to the
decay.
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Fig. 3. Experimental setup for measuring gain in Nd -doped polymer channel waveguides.
III. OPTICAL GAIN
A. Measurement of Internal Net Gain
A pump-probe method was used for the small-signal-gain
measurement, see Fig. 3. An external-cavity diode laser oper-
ating at 800 nm was used as the pump source. A Ti:Sapphire
laser, which was tuned from 840 to 950 nm, was applied as
the signal source. Alternatively, a light source operating at 1064
nm was used as the signal source to determine the gain at this
wavelength. After attenuation only a small signal power of typ-
ically 1–10 W was launched into the waveguide. A mechan-
ical chopper was inserted into the signal beam path and con-
nected to a lock-in amplifier. Pump light and modulated signal
light were combined by a dichroic mirror and coupled into and
out of the waveguide via microscope objectives. The numerical
apertures (NA) of the in- and outcoupling microscope objectives
were chosen according to the NA of the polymer channel wave-
guide, which is . Therefore, a microscope objective of
NA , which is slightly lower than that of the waveguide,
was used for incoupling, while for outcoupling an objective with
NA , slightly higher than the NA of the waveguide, was
chosen. The unabsorbed pump light coupled out of the wave-
guide was blocked by a high-pass filter (RG830 or RG850),
while the transmitted signal light was measured by a germa-
nium photodiode and amplified with the lock-in technique. The
optical gain was determined by measuring the ratio of the trans-
mitted signal intensities and in the pumped and unpumped
case, respectively. By subtracting the waveguide background
propagation and absorption losses (dB/cm) at the signal
wavelength, the internal net gain was obtained by calculating
the small-signal-gain coefficient in dB/cm from the equation
(1)
where is the length of the waveguide channel. The coupling
efficiency was optimized for pump light by well aligning the
incoupling microscope objective and sample. Optimization of
signal incoupling was not necessary, because our evaluation pro-
cedure determines the internal net gain, whereas the signal in-
coupling loss is irrelevant for the resulting internal net gain.
For each Nd concentration, internal net gain at three dif-
ferent waveguide lengths was investigated to simultaneously
maximize pump-light absorption and minimize re-absorption at
the signal wavelength.
Fig. 4. Internal net gain spectrum at 840–950 nm versus Nd concentration
for a launched pump power of 25 mW.
B. Gain Spectrum at 840–950 nm
Fig. 4 displays the internal net gain per unit length at 840–950
nm measured with channel lengths of 1.0–1.3 cm for a launched
pump power of 25 mW. The Nd concentration was varied
from 0.30 to 2.03 cm . A maximum gain per unit length
of 2.0 dB/cm was measured at 873 nm in a 1.0-cm-long sample
with Nd concentration of 1.03 cm . The obtained
gain bandwidth extends from 865 nm to 930 nm.
The gain spectrum can be calculated from the absorption and
emission cross sections of Nd in polymer waveguides using
the equation
(2)
where , , and are the wavelength-de-
pendent gain, emission, and absorption cross sections, respec-
tively, at the signal wavelength , and is the fraction of excited
Nd ions.
The Nd absorption cross section in cm given in
Fig. 5(a) was derived from the absorption coefficient of Fig. 2(a)
by applying the equation
(3)
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Fig. 5. (a) Emission (solid line) and absorption (dash line) cross section at
840–950 nm of the F   I ground-state transition in Nd -doped
6-FDA/epoxy; (b) measured (dots) and calculated (lines) internal net gain at
840–950 nm with Nd concentration of 1.03  cm in 6-FDA/epoxy
for a launched pump power of 25 mW.
where is the Nd concentration in cm . The emission
cross section displayed in Fig. 5(a) was determined with
the Füchtbauer-Ladenburg equation [23]
(4)
where is the speed of light in vacuum, is the refractive
index of the medium, and is the intensity of measured lu-
minescent light. The branching ratio and radiative lifetime
were taken from Table I. The peak absorption and emis-
sion cross sections in Nd -doped 6-FDA/epoxy at 873 nm are
1.01 and 1.83 cm , respectively.
In order to compare the calculated and measured internal net
gain spectra, the gain cross section in cm was converted to the
calculated internal gain coefficient in dB/cm using the equation
(5)
Fig. 5(b) shows the internal net gain spectrum calculated for
different excitation fractions and measured in waveguides
TABLE II
INTERNAL NET GAIN AT 873 nm
with three different channel length, for a Nd concentration of
1.03 cm and a launched pump power of 25 mW. The
measured and calculated internal net gain spectra show good
agreement at excitation fractions of 0.55, 0.45, and 0.20 for
sample lengths of 1.0, 1.8, and 4.4 cm, respectively. Table II
provides the measured gain and fitted excitation fraction of
waveguides with different lengths and Nd concentrations at
873 nm.
C. Rate-Equation Analysis and Energy-Transfer Upconversion
While gain of 2.0 dB can be reached at 873 nm in a 1.0-cm-
long sample with Nd concentration of 1.03 cm , the
total optical gain drops significantly when increasing the wave-
guide length owing to the rather large geometrical cross section
of the waveguide, which results in comparatively low pump in-
tensity and strong re-absorption of signal light by Nd ions in
their ground state. Fig. 6(a) shows the measured internal net gain
at 873 nm for various waveguide lengths and Nd concentra-
tions. A maximum gain of 2.7 dB and 2.8 dB was demonstrated
with Nd concentrations of 0.3 and 0.6 cm , respec-
tively, for a launched pump power of 25 mW.
With the aid of rate equations, we simulated the optical gain in
our waveguides at 873 nm and 1064 nm. In previous work [18],
the internal net gain at 1064 nm was reduced in heavily doped
channel waveguides due to energy-transfer upconversion (ETU)
processes among neighboring Nd ions. To study the effect of
ETU, three ETU processes originating in the metastable F
level of the Nd system were taken into account and expressed
by a single macroscopic parameter in the simulation, as these
processes lead to similar results concerning the population dy-
namics in the Nd system [24].
The Nd transition F I around 870 nm is a
three-level transition. Nd ions are excited around 800 nm
from the ground state I to the pump level F followed
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Fig. 6. (a) Measured (dots) and calculated (lines) internal net gain versus prop-
agation length for a launched pump power of 25 mW and (b) internal net gain
per unit length versus launched pump power, measured (dots) and calculated
(lines) at 873 nm.
by a fast decay to the metastable excited state F . Since all
other excited states in Nd exhibit fast multiphonon quenching
and have very short lifetimes, the rate equations describing the
population mechanisms of this system can be simplified as fol-
lows [24], [25]:
(6)
(7)
where and are the population density and lifetime of
the F level, respectively, is the ground-state population
density, and is the dopant concentration. The pump absorp-
tion as well as signal reabsorption and stimulated-emission rates
, , and , respectively, can be expressed as follows:
(8)
(9)
(10)
where , , and are the pump absorption, signal
absorption and emission cross sections, and the wave-
lengths of pump and signal light, and the intensity of pump
and signal light, respectively, launched into the waveguide in
propagation direction , and is Planck’s constant. At steady
state, we can solve the above equations analytically.
Since the I level has typically a very short lifetime on
the order of a few ns, the Nd transition F I
around 1064 nm constitutes a four-level system, reabsorption at
the signal wavelength can be neglected, and the rate equations
can be simplified further as follows:
(11)
(12)
(13)
In addition to discretization in the propagation direction , a
radial discretization was included in the simulation to approx-
imate the pump and signal modes by Gaussian profiles. In this
approximation, the amount of pump or signal power
passing through a circle of radius at a propagation distance
is described by the equation
(14)
where is the total power propagating at distance
and the Gaussian beam waist of pump and signal mode,
respectively, which is defined as the radial distance at which the
optical intensity drops to of the peak value.
The optical mode profiles and confinement of optical power
within the polymer channel waveguides were determined by the
finite difference method and using geometry and refractive in-
dices of the channel waveguides (Table III), with the aid of
the FieldDesigner software package (PhoeniX [26]). The per-
centage of pump and signal power outside the active region,
which does not contribute to the population dynamics, was not
taken into account in the simulation. The total remaining power
of pump and signal beams were each re-distributed in a Gaussian
profile before entering the next longitudinal propagation step.
The experimentally determined spectroscopic parameters
(Table III) were used in the simulation. The pump absorption
cross section at 800 nm was chosen to be 3.5 cm
based on the measured absorption spectrum. The rate equations
were solved using 128 longitudinal and 80 radial elements. The
unknown ETU parameter was used as the only fitting pa-
rameter in the simulation. From the simulation of Nd -doped
amplifiers at 873 nm, ETU parameters of 0.065, 0.118, 0.163,
and 0.407 cm s were determined at Nd concen-
trations of 0.30, 0.60, 1.03, and 2.03 cm , respectively.
Fig. 6(b) shows the measured and simulated internal net gain
versus launched pump power at the peak wavelength of 873 nm.
The experimental and simulated results are in good agreement
when using the ETU parameters obtained from the previous fit
of Fig. 6(a). The gain saturation at higher pump power is due
to the ETU processes. Possibly also thermal effects that occur
in the polymer material owing to conversion of a fraction of the
absorbed pump power into heat [24] play a role.
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TABLE III
SIMULATION PARAMETERS
In previous work [17], internal net gain in Nd -doped
polymer waveguides at 1064 nm was demonstrated with long
Fig. 7. Measured (dots) and calculated (lines) internal net gain at 1064 nm
versus propagation length for a launched pump power of 25 mW.
sample lengths of cm. As in those long samples not
all the Nd ions were excited due to the large geometrical
waveguide cross section and limitation of the launched pump
power, in the present work internal net gain at 1064 nm was
investigated in short samples to optimize the gain per unit
length. The results given in Fig. 7 show a maximum gain of 8.0
dB for a sample length of 4.4 cm, resulting in a gain per unit
length of 1.8 dB/cm. Since re-absorption of signal light at 1064
nm is negligible, higher total gain in dB can be achieved in
longer samples with sufficient launched pump power. The ETU
parameter for different Nd concentrations was obtained by
fitting the measured results at 1064 nm with those from simula-
tions using the rate-equation system of (11)–(13). Fig. 8 gives
the ETU parameters determined by fitting the measured
gain at 873 and 1064 nm. The linear fits at 873 and 1064 nm
almost coincide, i.e., the ETU parameters obtained from the
rate equations at the two wavelengths agree well. The obtained
values are slightly smaller than values of ETU parameters in
other Nd -doped host materials [24], [25], which might be
due to the isolation of each Nd ion by its organic ligands,
which reduces the interaction between Nd ions.
IV. CONCLUSION
In Nd -complex-doped, photo-defined polymer channel
waveguide amplifiers internal net optical gain has been demon-
strated in the wavelength range 865–930 nm, with up to 2.8
dB gain obtained at 873 nm by optimization of the Nd
concentration and channel waveguide length. The calculated
and measured gain spectra show good agreement. Gain per unit
length at 873 nm and 1064 nm of 2.0 dB/cm and 5.7 dB/cm,
respectively, has been measured. With the gain simulated by
a rate-equations model, the ETU parameter of Nd in this
polymer has been studied. The wavelength range of optical
gain in such amplifiers can be extended by doping with other
rare-earth ions.
Such low-cost polymer waveguide amplifiers may be well
suited for providing optical gain in integrated optical applica-
tions, e.g., loss-less data transmission in optical interconnects,
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Fig. 8. ETU parameter fitted at 873 and 1064 nm as a function of Nd con-
centration.
signal enhancement in integrated Raman spectroscopy, or lasers
integrated into opto-fluidic chips.
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